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Aim. Benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) is the major metabolite of an environmental carci-
nogen, polycyclic aromatic hydrocarbon benzo[a]pyrene. The effects BPDE could have on neuronal cells proge-
nitors are mostly uncharacterized. Methods. We have studied survival and morphology of cultured PC12 cells
and mouse embryonic hippocampal neurons in the presence of BPDE. We have also used post-labeling to compa-
re accumulation of BPDE adducts in cultured PC12 cells and fibroblasts. Results. The survival of cells and the le-
vel of adducts depended on the type of extracellular matrix to which the cells were attached. At tolerated BPDE
doses, the adducts formed by this metabolite were efficiently repaired. In PC12 cells, BPDE toxicity and the level 
of adducts was generally lower than in fibroblasts. Conclusions. Overall, BPDE may be detrimental for develo-
ping neural tissue. However, the effects of BPDE on cells with the ability to differentiate into the neuronal linea-
ge may depend on the cell microenvironment.
Keywords: DNA damage, DNA repair, genotoxicity, benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, neuronal
lineage.
Introduction. Benzo[a]pyrene (BP) is a well-known
environmental mutagen and carcinogen. BP is metabo-
lized by the consecutive action of cytochromes P450
(CYP1A1, CYP1B1) and epoxide hydrolase into seve-
ral stereoisomers of benzo[a]pyrene-7,8-dihydrodiol-
9,10-epoxide (BPDE) [1], which then intercalate into
DNA and react with purine moieties, predominantly
with the exocyclic amino group of guanine [2]. Forma-
tion of BPDE adducts is cytotoxic and produces muta-
tions and chromosome aberrations [3].
Although BP and BPDE action was extensively stu-
died in human cells, only a limited number of cell lines
have been characterized in this respect. In particular,
little is known about the effects of these agents in cells of 
neuronal lineage, which may be important for assessing 
the environmental toxicity of BP. Here we analyze cyto-
toxic and genotoxic action of BPDE in two cell types ca- 
pable of differentiation into neurons, PC12 rat pheo-
chromocytoma cells and immature mouse embryonic hip- 
pocampal neurons.
Materials and methods. Cell isolation and growth.
GM00637 cells (SV40-transformed human skin fibro-
blasts) and PC12 cells were obtained from the Coriell
repository. All cell cultures were grown at 37 °C in 5 %
CO2. GM00637 cells were grown in DMEM supplemen-
ted with 10 % fetal calf serum, 10 U/ml penicillin and
100 mg/ml streptomycin. PC12 cells were grown in the
same medium in suspension for 2–3 days, passed through
a 40-µm filter, and seeded at 105 cells/well into 24-well
plates precoated with either poly-D-lysine, mouse la-
minin, their 10:1 mixture, or rat tail collagen (all from
«Sigma-Aldrich», USA). The cells were then grown in
DMEM High Glucose supplemented with 10 % horse
serum, 5 % fetal calf serum, penicillin and streptomycin
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as above. The relative amount of live cells was determi- 
ned by their ATP content using the ATP biolumines-
cent somatic cell assay kit («Sigma», USA). To obtain
mouse embryonic hyppocampal neuron cultures, hippo-
campi from C57BL/6 E17.5 embryos were dissected,
trypsinized, triturated in G3 medium (Neurobasal me-
dium with B27 supplements, 25 M glutamate, 0.5 mM
L-glutamine, and 10 g/ml gentamycin sulfate, penicil-
lin and streptomycin as above) and passed through a 40-
µm filter as described [4]. The cells were seeded at 105
cells/well into 6-well plates precoated with a 10:1 mix-
ture of poly-D-lysine and laminin in G3 medium. After
4 h, the medium was changed, and after 4 days, glutama- 
te was removed.
BPDE treatment. BPDE (a mixture of trans(+) and
trans(–) stereoisomers) and BPDE-adducted oligonuc-
leotides were a kind gift from Dr. Nicolas Geacintov
(New York University) GM00637 or PC12 cells were
grown to confluence, washed with PBS and treated by
1–20 µM BPDE (solution in DMSO) for the indicated
time in the appropriate medium free of serum. If neces-
sary, cells were then washed and transferred for the spe-
cified amount of time into serum-free, BPDE-free me-
dium. For the control, the cells were grown without
BPDE in DMEM, DMEM with serum, or DMEM with
2.5 % DMSO. Mouse embryonic hyppocampal neurons
were used at day 5 and treated with 10 µM BPDE for 24 h.
Adduct quantitation by postlabeling. DNA was iso- 
lated from BPDE-treated cells using the DNeasy Blood 
and Tissue kit («Qiagen», USA). 5–20 µg of DNA was
hydrolyzed overnight at 37 °C with a mixture of snake
venom phosphodiesterase and micrococcal nuclease, and
then for 1 h at 37 °C with P1 nuclease as described [5].
The hydrophobic deoxynucleoside-BPDE adducts were
extracted into butanol and phosphorylated with 10 U
OptiKinase («Affymetrix», USA) and 7.5 MBq [γ-32P]- 
ATP. The reaction mixtures were separated by electro-
phoresis in 30 % non-denaturing polyacrylamide gels
[5], which were visualized and quantified by phosphor- 
imaging using Molecular Dynamics Storm 860 Imager. 
To quantify the adducts, a calibration curve was built
using synthetic oligonucleotide standards containing a
single BPDE adduct (5'-TCTTCTTCTGTXCYCTCTT 
CTTCT-3'; X = G or trans(–)G-BPDE, Y = trans(+)A-
BPDE or A) treated in the same way.
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Fig. 1. À – toxicity of BPDE for GM00637 cells (the cells were treated with 0–10 µM BPDE for 14 h, and their survival was determined by the
ATP assay); B – accumulation of BPDE adducts in DNA of GM00637 cells (the cells were treated with 0–0.5 µM BPDE for 2 h, and the adducts
were analyzed by postlabeling); C – removal of BPDE adducts from DNA of GM00637 cells (the cells were treated with 0.05 µM BPDE for 2 h,
and the adducts were analyzed by postlabeling after 2–48 h in BPDE-free medium). Mean ± SD of 3 independent experiments is shown
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Fig. 2. Toxicity of BPDE for PC12 cells grown on the surfaces coated
with poly-D-lysine (1), laminin (2) or their 10:1 mixture (3). The cells
were treated with BPDE for 48 h. Mean ± SD of 3 independent
experiments is shown
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Results and discussion. BP has to be metabolized
to manifest its genotoxic properties. As cells can differ
significantly in their ability to activate BP, we have utili- 
zed its ultimate metabolite, BPDE, to study its effect on 
cells. As model cells of neuronal lineage, we have used
PC12, rat pheochromocytoma cells that acquire sympa- 
thetic neuron-like morphology upon treatment with ner-
ve growth factor [6], and immature neurons derived
from mouse embryo hippocampus [4]. Immortalized hu- 
man fibroblasts (GM00637) were used as control cells.
Both GM00637 and PC12 cells were killed by BPDE
in a dose-dependent manner (Fig. 1, A, Fig. 2). How-
ever, PC12 cells were generally more resistant to BPDE
than fibroblasts: while the survival of the latter was ~10 % 
even at 2 µM BPDE and < 1 % at 10  µM BPDE, the
survival of PC12 was compromised to 10 % at 10–20 µM 
BPDE depending on the growth conditions.
Interactions of cells with extracellular matrix in li-
ving tissues can significantly influence the outcomes of 
cellular stress [7, 8]. PC12 cells normally require extra- 
cellular matrix coating to attach efficiently to plastic sur-
faces. We have found that the nature of this matrix af-
fects survival of PC12 cells after BPDE treatment (Fig.
2). The cells showed little difference in survival when
growing on poly-D-lysine or laminin but were more sen-
sitive when grown attached to the poly-D-lysine:
laminin 10:1 mixture (Fig. 2) or collagen (not shown).
To compare the amounts of BPDE-induced DNA da-
mage in PC12 cells and fibroblasts, we have used the post-
labeling assay (Fig. 3, A) to determine the level of BPDE
adducts at doses when most treated cells are alive (less
than 0.5–1 µM BPDE). The levels of trans(–)G-BPDE
in cells of both types increased in a dose-dependent
manner (Fig. 1, B, Fig. 3, B), but PC12 cells always ac-
cumulated less adducts than fibroblasts did. After with- 
drawal of BPDE, the adducts were rapidly cleared from 
the cells’ DNA (Fig. 1, C), consistent with the known ef- 
ficient repair of this type of damage [9].
Finally, we have studied the effects of BPDE on
mouse embryo hippocampal neurons. As the amount of 
cells that could be obtained was insufficient for reliable 
adduct or survival analysis, we have studied the mor-
phology of the neurons after their attachment to the ex-
tracellular matrix-coated surface. After six days post-
plating in the absence of BPDE, many cells formed
well-defined bodies and extended neurites, some of
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Fig. 3. Postlabeling assay for BPDE
adducts: A – gel showing the accu-
mulation of adducts in PC12 cells
grown on collagen and treated with
0.05 (1), 0.1 (2), 0.2 (3), 0.5 (4), 1.0 
(5), and 2.0 mM BPDE (6). Lane 7, 
trans(+)A-BPDE standard; lane 8,
trans(–)G-BPDE standard; B – ac-
cumulation of BPDE adducts in DNA 
of PC12 cells. The cells were treated 
with 0–1 µM BPDE for 2 h, and the 
adducts were analyzed by postlabe- 
ling. Mean ± SD of 3 independent
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Fig. 4. Morphology of mouse emryonic hippocampal neurons after BPDE
treatment: A – no BPDE; B – 10  µM BPDE for 24 h. Phase contrast mic-
rophotographs with 150 × magnification are shown
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which even start to make connections (Fig. 4, A). In con-
trast, when during the last 24 h the cells were treated
with BPDE, the observed cells were small, rounded or
irregular in shape, lacking processes, and it is likely
that most of them were dead or dying.
Conclusions. Our data indicate that BPDE is cytoto- 
xic and genotoxic for cells of neuronal differentiation line- 
age, and thus BP may be detrimental for developing neu-
ral tissue. However, the effects of BPDE on these cells
may be modulated by the cells’ microenvironment, in-
cluding the extracellular matrix with which they interact.
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À. Â. ªíäóòê³í, Â. Ñ. Ñè äî ðåí êî, Ä. Î. Æàð êîâ
Ãå íî òîê ñè÷í³ñòü êàí öå ðî ãåí íî ãî ìå òà áîë³òó áåí çî[a]ï³ðåíó â
êë³òè íàõ íå é ðî íàëü íî¿ ã³ëêè äè ôå ðåíö³þâàí íÿ 
Ðå çþ ìå
Ìåòà. Áåí çî[a]ï³ðåí-7,8-äèã³äðîä³îë-9,10-åïîêñèä (BPDE) – îñíîâ-
íèé ìå òà áîë³ò êàí öå ðî ãåí íî ãî ïîë³öèêë³÷íî ãî àðî ìà òè÷ íî ãî âóã -
ëåâîä íþ áåí çî[a]ï³ðåíó. Âïëèâ BPDE íà ïî ïå ðåä íè êè íå ðâî âèõ êë³-
òèí ïðàê òè÷ íî íå îõà ðàê òå ðè çî âà íî. Ìå òî äè. Âèâ ÷å íî âè æè âà-
í³ñòü ³ ìîð ôî ëîã³þ êë³òèí PC12 òà åìáð³îíàëü íèõ ã³ïî êàì ïàëü -
íèõ íå é ðîí³â ìèø³ â êóëü òóð³ çà ïðè ñóò íîñò³ BPDE. Ìå òî äîì
åëåê òðî ôî ðå çó ðàä³îàê òèâ íî ì³÷å íèõ íóê ëå î òèä³â ïðî à íàë³çî âà -
íî íà êî ïè ÷åí íÿ àäóêò³â BPDE ó êóëü òè âî âà íèõ êë³òè íàõ PC12 ³
ô³áðîá ëàñ òàõ. Ðå çóëü òà òè. Âè æè âàí³ñòü êë³òèí ³ ð³âåíü àäóêò³â
çàëå æàòü â³ä òèïó ïî çàêë³òèí íî ãî ìàò ðèê ñó, äî ÿêî ãî ïðè êð³ïëþ- 
þòüñÿ êë³òèíè. Çà ñóá ëå òàëü íèõ äîç BPDE ñïîñ òåð³ãàºòüñÿ åôåê- 
òèâ íà ðå ïà ðàö³ÿ àäóêò³â, óòâî ðå íèõ öèì ìå òà áîë³òîì. Äëÿ êë³-
òèí PC12 òîê ñè÷í³ñòü ³ ð³âåíü àäóêò³â BPDE âè ÿ âè ëè ñÿ íè æ÷è-
ìè, í³æ äëÿ ô³áðîá ëàñò³â. Âèñ íîâ êè. Ó ö³ëîìó BPDE ìîæå ïî ðó -
øó âà òè íîð ìàëü íèé ðîç âè òîê íå ðâî âî¿ òêà íè íè, îäíàê âïëèâ
BPDE íà êë³òèíè, çäàòí³ äî äè ôå ðåíö³þâàí íÿ ïî íå é ðî íàëüí³é ã³ë-
ö³, ñêîð³ø çà âñå, çà ëå æèòü â³ä ¿õíüî ãî ì³êðî î òî ÷åí íÿ.
Êëþ ÷îâ³ ñëî âà: ïî øêîä æåí íÿ ÄÍÊ, ðå ïà ðàö³ÿ, ãå íî òîê ñè÷-
í³ñòü, áåí çî[a]ï³ðåí-7,8-äèã³äðîä³îë-9,10-åïîê ñèä, íå é ðî íàëü -
íà ã³ëêà.
À. Â. Åíäóò êèí, Â. Ñ. Ñè äî ðåí êî, Ä. Î. Æàð êîâ
Ãå íî òîê ñè÷ íîñòü êàí öå ðî ãåí íî ãî ìå òà áî ëè òà áåí çî[a]ïè ðå íà â
 êëåò êàõ íå é ðî íàëü íîé âåò âè äèô ôå ðåí öè ðîâêè
Ðåçþìå
Öåëü. Áåí çî[a]ïè ðåí-7,8-äè ãèä ðî äè îë-9,10-ýïîê ñèä (BPDE) – îñ-
íîâ íîé ìå òà áî ëèò êàí öå ðî ãåí íî ãî ïî ëè öèê ëè ÷åñ êî ãî àðî ìà òè -
÷åñ êî ãî óãëå âî äî ðî äà áåí çî[a]ïè ðå íà. Âëè ÿ íèå BPDE íà ïðåä øåñ -
òâåí íè êè íå ðâíûõ êëå òîê ïðàê òè ÷åñ êè íå îõà ðàê òå ðè çî âà íî.
Ìå òî äû. Èçó ÷å íû âû æè âà å ìîñòü è ìîð ôî ëî ãèÿ êëå òîê PC12 è
ýì áðè î íàëü íûõ ãèï ïî êàì ïàëü íûõ íå é ðî íîâ ìûøè â êóëü òó ðå â
ïðè ñó òñòâèè BPDE. Ìå òî äîì ýëåê òðî ôî ðå çà ðà äè î àê òèâ íî ìå -
÷åí íûõ íóê ëå î òè äîâ ïðî à íà ëè çè ðî âà íî íà êîï ëå íèå àä äóê òîâ
BPDE â êóëü òè âè ðó å ìûõ êëåò êàõ PC12 è ôèá ðîá ëàñ òàõ. Ðå çóëü -
òà òû. Âû æè âà å ìîñòü êëå òîê è óðî âåíü àä äóê òîâ çà âè ñÿò îò
òèïà âíåê ëå òî÷ íî ãî ìàò ðèê ñà, ê êî òî ðî ìó ïðè êðåï ëÿ þò ñÿ êëåò-
êè. Ïðè ñóá ëå òàëü íûõ äî çàõ BPDE íà áëþ äà åò ñÿ ýô ôåê òèâ íàÿ
ðå ïà ðà öèÿ àä äóê òîâ, îá ðà çó å ìûõ ýòèì ìå òà áî ëè òîì. Äëÿ êëå -
òîê PC12 òîê ñè÷ íîñòü è óðî âåíü àä äóê òîâ BPDE îêà çà ëèñü íè-
æå, ÷åì äëÿ ôèá ðîá ëàñ òîâ. Âû âî äû. Â öå ëîì, BPDE ìî æåò íà ðó -
øàòü íîð ìàëü íîå ðàç âè òèå íå ðâíîé òêà íè, îäíà êî âëè ÿ íèå BPDE 
íà êëåò êè, ñïî ñîá íûå ê äèô ôå ðåí öè ðîâ êå ïî íå é ðî íàëü íîé âåò âè, 
ìîæåò çà âèñåòü îò èõ ìèê ðî îê ðó æå íèÿ.
Êëþ ÷å âûå ñëî âà: ïî âðåæ äå íèå ÄÍÊ, ðå ïà ðà öèÿ, ãå íî òîê ñè÷ -
íîñòü, áåí çî[a]ïèðåí-7,8-äè ãèä ðî äèîë-9,10-ýïîê ñèä, íå é ðî íàëü-
íàÿ âåòâü.
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